In the cerebellum, molecular layer interneurons (MLIs) play an essential role in motor behavior by exerting precise temporal control of Purkinje cells, the sole output of the cerebellar cortex. The recruitment of MLIs is tightly controlled by the release of glutamate from granule cells (GCs) during high-frequency activities. Here we study how single MLIs are recruited by their distinct unitary GC inputs during burst of GC stimulations. Stimulation of individual GC-MLI synapses revealed four classes of connections segregated by their profile of short-term plasticity. Each class of connection differentially drives MLI recruitment. Molecular and ultrastructural analyses revealed that GC-MLI synaptic diversity is underlain by heterogeneous expression of synapsin II at individual GC terminals. In synapsin II knock-out mice, the number of classes is reduced to profiles associated with slow MLI recruitment.
Inhibitory interneurons mediating feed-back or feed-forward inhibition (FFI) provide brain microcircuits with an exquisite temporal control over the firing frequency of projecting neurons [1] [2] [3] [4] . In the cerebellar cortex, the FFI microcircuit is activated by granule cells (GCs) that target two types of molecular layer interneurons (MLIs), stellate cells (SCs) and basket cells (BCs). SCs and BCs finally control Purkinje cells, the sole projecting neurons of the cerebellar cortex, through a powerful somatic or dendritic inhibition 5 . In combination with the direct excitatory pathway provided by GC-PC connections, the FFI encodes sensorimotor information through acceleration or deceleration of PC simple spike activity [6] [7] [8] .
Sensorimotor information is conveyed to the cerebellar cortex by mossy fibers (MFs) as short high-frequency bursts of action potentials [9] [10] [11] [12] [13] . During high-frequency stimulations, cerebellar synapses exhibit several forms of short-term synaptic plasticity (STP) including facilitation and depression of synaptic responses in the millisecond range [14] [15] [16] [17] [18] [19] [20] [21] . STP play multiple roles in information processing 22, 23 ; in the cerebellar cortex, differences in the profile of STP across synapses involved in the direct excitatory pathway or in the FFI microcircuit control the inhibitory/excitatory balance and shape Purkinje cell discharge 24 . GCs, which are the most numerous neurons in the brain, are the key actors of the inhibitory/excitatory balance in the cerebellar cortex, but STP heterogeneity across GC boutons is poorly documented. A seminal study has shown that the behavior of glutamate release during highfrequency activities at GC boutons is determined by the target cell (that is PC, SC or BC, Bao et al., 2010) . Following compound stimulations of clusters of GCs or beams of parallel fibers (PFs), it was shown that GC-BC synapses depress during highfrequency stimulation while GC-SC synapses facilitate 19 . By controlling the spatiotemporal excitability of PC 19 , and potentially by shaping the -4-inhibitory/excitatory balance 24 , target cell-dependency of STP at the input stage of the FFI pathway must have important functional consequences for cerebellar output.
However, how synaptic heterogeneity relates to target-cell specificity remains unknown. Besides, target cell-dependency of STP at GC-MLI synapses is challenged by different experimental findings. First, many MLIs cannot be classified solely by their axon profile (e.g. basket versus dendritic synapses) or their position in the molecular layer 25, 26 . It was suggested that MLIs represent a single population of interneurons 5, 25, 27, 28 . Second, release properties and STP profiles of GC synaptic inputs to MLIs can be modified by presynaptic long-term plasticity and by local retrograde signaling independently of the target cell 29, 30 . Given the abundance of
GCs and the importance of STP at GC-MLI synapses for cerebellar computation, we set out to study the diversity of STP at unitary GC-MLI synapses.
We show that MLIs, regardless of their identity, receive at least four functionally distinct types of synapses from GCs. Each class of connection differentially drives the timing of MLI recruitment characterized by the first-spike latency. Differences in STP across GC-MLI connections are determined by distinct ultrastructural properties and molecular contents of GC boutons. We reveal that synapsin II (Syn II), a presynaptic protein involved in STP 31, 32 , is heterogeneously expressed at GC-MLI synapses. Functional studies using wild-type (WT) and Syn II KO mice demonstrate that Syn II determines the profile of STP and the first-spike latency in MLI. Our observation that single MLIs receive GC inputs with distinct molecular and functional properties suggests that the temporal coding of GC activity by MLIs and thereby the inhibitory control over the cerebellar output via PCs depends on GC subtypes recruited by a given sensorimotor input.
RESULTS

Functional heterogeneity at unitary GC-MLI synapses during highfrequency stimulations
In order to study how information from single GC inputs is encoded by MLIs,
we measured STP at unitary GC-MLI synapses in acute parasagittal slices by minimal electrical stimulation of PFs (10 pulses at 100Hz), in the direct vicinity of the dendritic tree of a recorded MLI 18, 33 . MLIs localized in the vermis (lobules IV-VI)
were recorded in whole-cell voltage-clamp configuration and loaded with Alexa-594
(n = 49) to visualize their dendritic tree and their morphology. Using two-photon microscopy, the stimulation pipette was visually positioned above an isolated dendrite. MLI subtypes were identified in half of the recorded cells based on the presence of a basket in the Purkinje cell layer (n = 13 for BC, n= 12 for SC and n = 24 for non-identified MLI). In 28 MLIs, we recorded synaptic responses from at least 2 GCs. STP profiles were highly heterogeneous across unitary GC-MLI contacts (n = 115) including unitary connections contacting the same MLI (Figure 1) . To classify the STP profiles, we used principal component analysis (PCA) on the averaged and normalized synaptic charges in trains of EPSCs followed by a k-means clustering analysis (Supplementary figures 2,3) . We identified 4 clusters that characterize STP at GC-MLI synapses (Figure 2A-B) . The profiles differ by: (i) the quantity of neurotransmitter released at the first stimuli ( Figure 2C) (ii) the STP profiles during the first four EPSCs, and (iii) the ability to sustain glutamate release after the fourth stimuli.
Among the 4 groups identified, only C1 connections exhibited depression of glutamate release after the second pulse, while C2 and C3 connections exhibited facilitation ( Figure 2D ). C2 and C3 connections differed in their responses after the fourth stimulus: while C3 connections sustained release during the entire train, synaptic transmission at C2 connections depressed after the fourth stimuli. On the other hand, C4 connections were characterized by small but stable EPSCs ( Figure   2C ) suggesting that they correspond to boutons releasing one quanta per stimulation 30, 34 . BCs and SCs receive all profiles of inputs. The absence of cell-specific differences in the first or second principal components (PC1 and PC2) confirms the heterogeneity of STP regardless of MLI subtype (Figure 3) . Furthermore, no correlation between the first two dimensions of the PCA regarding neither the position of MLI somata nor the localization of synaptic bouton (Supplementary figure 4) .
Thus, the four classes of inputs are randomly distributed within the molecular layer,
suggesting that GC inputs contacting a given MLI are heterogeneous.
Syn II is heterogeneously expressed across GC-MLI presynaptic terminals
Next, we aimed to uncover the molecular determinants of the functional heterogeneity. Among presynaptic proteins involved in STP, synapsins (Syn) appeared as good candidates. Syn are presynaptic phosphoproteins coded by 3 distinct genes (Syn I, II and III). While Syn III are mainly expressed during developmental stages, Syn I and Syn II both regulate neurotransmitter release and STP in mature synapses 31, 32, 35 . The synapse specific expression of Syn isoforms [36] [37] [38] contributes to the diversity of STP profiles [39] [40] [41] [42] and determines the inhibitoryexcitatory balance in neuronal networks 43, 44 .
We first studied the presence of Syn I and Syn II in GCs boutons by immunohistochemistry using VGlut1 as specific marker of GC presynaptic terminals 45, 46 . These results suggest Syn II lead to STP profiles corresponding to C1 and C2, whereas GC boutons displaying C3 and C4 profiles are devoid of Syn II.
We next studied the subcellular localization of synaptic vesicles at GC-MLI synapses from WT and Syn II KO mice using transmission electron microscopy 
DISCUSSION
By combining molecular, ultrastructural and functional studies, we show that the firing pattern of MLIs is driven by distinct GC inputs that show distinct profile of STP. This functional heterogeneity caused, at least in part, by synapses-specific expression of Syn II expands the temporal coding of GC inputs to MLIs.
MLI subtype does not determine the profile of STP at unitary GC-MLI synapse
The rules governing diversity in presynaptic release properties have been extensively studied in neocortical or hippocampal circuits. In most of cases, synaptic efficacy among boutons issued from a single axon varies with the identity of the postsynaptic cell 50, 51 . Target cell-dependent heterogeneity relies on differences in the probability of release 52 , responsiveness to neuromodulators [53] [54] [55] [56] or the ability to co-release GABA and glutamate 57 . Target cell-dependent STP has also been described at cerebellar GC-MLI synapses by using stimulation of beam of PFs or clusters of GC somata; upon high-frequency stimulation, compound synaptic responses exhibit a facilitating profile at GC-SC synapses whereas these responses depress at GC-BC synapses 19 . Our results argue against target-cell dependent STP at GC synapses and show rather heterogeneous unitary inputs to BC-or SC-like MLIs (Figure 1,3 [61] [62] [63] [64] . Also, local retrograde release of endocannabinoid by MLI dendrites can affect the functioning of subsets of GC boutons upon sustained activity of PF 29, 65 . Hence, functional heterogeneities among GC terminals also originate from the history of firing .
Physiological consequences
At the input stage of the cerebellar cortex, single GCs receive a combination of MF inputs coding for different modalities 74, 75 . 
Material and Methods
This study was carried out in strict accordance with the national and international laws for laboratory animal welfare and experimentation and was Minimal stimulation was used to monitor short term plasticity at unitary GC-MLI synapses in sagittal slices. To do so, we followed previously established procedures 33 . For each synapse, the intensity of electrical stimulation was maintained in an intensity window that avoided both stimulation failures and multiple-synapse stimulation (Supplementary figure 1) . STP at GC-MLI synapses was assessed with 10 trains of ten pulses at 100Hz train separated by a resting period of 1 minute.
We performed glutamate-uncaging assays onto horizontal slices by using 
